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1.0 INTRODUCTION

During the operation of rocket and jet engines, particles

are formed from the condensation of super-saturated vapor

formed in the combustion process. The small submicron

particles coagulate and grow into larger liquid and solid

particles. In the evaluation of the performance of rocket and

jet engines, an idea of the size, concentration, and

composition of the particles is needed. For example, the size

and concentration of the alumina oxide droplets formed in

solid propellant rocket engines influences the thrust

characteristics of the engine. Also, the physical

characteristics of the alumina oxide droplets or the organic

agglomerates found in jet engines affect the radiative heat

transfer rates to the internal surfaces of the engines.

In recent years non-intrusive measurement techniques

(optical methods) have gained popularity in measuring particle

sizes and concentrations. Though these methods have many

inherit advantages, they do have drawbacks. Flows with an

excessively high concentration of particles usually cannot be

evaluated with non-intrusive methods. Also , situations in

which the particles possess a high luminescence can limit the

applicability of the non-intrusive techniques. In addition to

these drawbacks, the non-intrusive methods must be calibrated

which requires the use of particle probes to provide a direct

sampling of the particles.

With the need for particle sampling probes established,

good probe characteristics mustbe determined. The probes must

be able to withstand the high temperature and abrasive

environment found in rocket and jet engine plumes. The probes

must provide a representative sample of particles in these
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flows without being prejudicial toward or against a particular

size class of particles. Moreover, the probe should have low

particle deposition rates on the internal walls of the probes

with good pressure recovery characteristics. With these

factors in mind, the evaluation of different probe designs may

proceed.

Although considerable time has been spent on the

development of various probe designs [1,2,3,4,5], little

fundamental work has been done experimentally or theoretically

to determine the magnitude of the particle deposition on the

walls of the different probes or the size bias caused by the

probes. In the present report, a method of evaluating

different probe designs is presented. In the evaluation

procedure, the hot flows found in the rocket and jet engines

were modeled with a cold flow experiment. Consequently, the

procedure presented concentrates on the particle sampling and

wall deposition characteristics of the probes while ignoring

the significant material problem associated with the hostile

environment in which the probes are subjected.

Initially, three probe designs were proposed to be

evaluated. Because the particles sampled by the probes were

found in supersonic gas flows, the positioning of the shock

induced by the probe was considered an important factor in

the performance of the probe. One of the probe designs

evaluated positioned the shock just outside the probe entrance

(external shock probe) while the other two probe designs

swallowed the shock (internal shock probes) .

The purpose of the present work was to measure and

compare the internal wall losses in the three fundamental

probe designs. With the effect of particle deposition

quantified for the different probes, a recommendation on the

best probe design was made. Also, other probe properties such

as pressure recovery characteristics and ease of construction

have been compared.

10
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2.0 SUPERSONIC PROBE DESIGN

The main functions of the supersonic particle probes are

to collect a representative sample of particles from a

supersonic flow, slow the collected particles to subsonic

speeds, and ultimately bring the particles to rest so that

they may be characterized. In supersonic probes the way in

which the deceleration process occurs leads to three

possibilities:

1. External shock probes

2. Internal shock probes

3. Isentropic (shockless) probes.

The sampling or capture efficiency of the various probes

is determined by the flow field conditions found at the

entrance of the probes. The shockless or internal shock probes

have capture efficiencies close to 100 % because flow field

disturbances are minimized. The sharp leading edges of these

probes cause only small deviations in the streamlines of the

flow field, therefore, causing only small deviations in the

trajectories of the particles. Because all gas exposed to

probe entrance is ingested by the probe, most if not all of

the particles exposed to the entrance are ingested. On the

other hand, the high back pressure of the external shock probe

may lead to pronounced deviations in the streamlines of the

flow field and trajectories of the particles. Collection

efficiencies for the external shock probe are usually less

than the shockless or internal shock probes [6].

11
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Although better collection efficiencies are an advantage

of the shockless and internal shock probes, drawbacks in these

probes are present. The design of a shockless probe entrance

is difficult and the probe is limited in application to the

design Mach number. The sharp leading edges on the shockless

and internal shock probes are susceptible to the erosive

environment found in the exhaust plumes. Furthermore,

pressure monitoring within the internal shock probes is

required to ensure that the shock is swallowed. Also, to

stabilize the position of the shock within the probe and to

reduce velocities to low Mach numbers (<0.1) so that no

choking occurs in the sample lines; sudden expansions, sharp

turning angles, or rough probe surfaces may be necessary. All

of these factors enhance unwanted flow separation and

recirculation that lead to particle impaction on the internal

surfaces of the probe. With these factors in mind, three

existing probe designs are proposed to be evaluated. The

characteristics of each design are discussed in the following

sections.

2.1 DEHNE PROBE DESIGN (Internal Shock)

The Dehne probe design which is pictured in Fig. 2.1 was

developed by H.J. Dehne of the Acurex Corporation [4]. As

shown in Fig. 2.1 the probe features a sharp leading edge at

the probe entrance. The first section encountered by the

particles as they enter the probe is a supersonic expansion.

The particles then enter a constant area throat which contains

the shock train that slows the particles to subsonic speeds.

With this constant area section, the pressure recovery

characteristics are enhanced. The particles then enter a

subsonic diffuser that slows the particle velocity below Mach

0.1 so that no choking of the flow occurs in the sample lines.

12
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After the subsonic diffuser the particles are taken by a

sample line to a filter that collects the particles.

Unlike the original Dehne design [4], no boundary layer

trips were included in the supersonic expansion section of

the probe. The purpose of the trips was to enhance boundary

layer development which would initiate and stabilize the shock

train in the constant area throat. Because it is difficult to

construct boundary layer trips (surface roughness), a larger

cone angle was used in the supersonic expansion. The larger

cone angle led to a stronger oblique shock at the corner where

the expansion section met the constant area throat section.

The oblique shock caused by the sharp corner triggered and

stabilized the shock train within the constant area throat.

In the present work two Dehne probes are studied: Dehne 1 and

Dehne 2. A detailed drawing of Dehne 1 and Dehne 2 appears in

Figs. 2.2 and 2.3, respectively. The only internal difference

between the probes is that Dehne 1 has the 30 0 subsonic

diffuser as pictured in Fig. 2.2. In Dehne 2 the subsonic

diffuser is replaced with a sudden expansion. In studying the

two probes the importance of the subsonic diffuser angle is

investigated.

The probe geometry provides a length of five nozzle

diameters for the supersonic expansion section. Following the

expansion section is the constant area throat that is twenty

nozzle diameters in length. The compression shock of the probe

is located in the first 8 to 10 nozzle diameters of the throat

section. As stated earlier, a 30° subsonic expansion is used

after the throat section to reduce the velocity of the flow

in Dehne 1 while in Dehne 2 a sudden expansion is used. The

ratios of the nozzle diameter to sample line diameter and

throat lengthto nozzle diameter are 1/4 and 25, respectively.

These geometric ratios are maintained and used in the other

probe designs presented.

14
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2.2 COLKBT PROBE DESIGN (Internal Shock)

The Colket probe design shown in Fig. 2.4 is similar to

the design proposed by Colket et al. [7]. The original purpose

of the probe was to sample hot reacting gases from flames at

temperatures up to 1800 K. By accelerating the gases to

supersonic speeds, the static temperature of the gas sample

was reduced and quenching of the chemical reactions occurred

in the sample. Next, the sample was subjected to a

compression shock that caused an increase in the static

temperature; but because of the convective heat transfer that

occurred in the supersonic section of the probe, the static

temperature was maintained below 1000 K effectively quenching

the reactions.

In the original design a large area expansion is used to

accelerate the sample to a high Mach number to get the desired

quenching. However, in the present case the flow is already

traveling at supersonic speeds so smaller area ratios can be

used. Though the static temperature reduction is smaller in

the present case, the temperature at the exit plane of a

typical rocket nozzle is 1500 K. Since the temperature is

lower than the initial 1800 K reportedby Colket, smaller area

ratios are used in the nozzle to enhance the pressure recovery

characteristics of the nozzle.

As shown in Fig. 2.4, the Colket probe design has the

sharp leading edge and supersonic expansion section similar

to the Dehne probes (especially Dehne 2). Unlike the Dehne

probes, the Colket probe uses the constant area section to

promote the convective cooling of the sample. Also in contrast

with the Dehne probes, the Colket probe design has an

aerodynamically smooth transition between the supersonic

expansion and the constant area throat. By eliminating the

sharp corner, the compression waves do not coalesce into an

oblique shock that could start a shock train in the constant

17



d = .4cm

SHARP LEADING SMALL CONE ANGLE Lid = 25

EDGE SUDDEN EXPANSION

SUPERSONIC EXPANSION

4 L——————+
1 L / / 1-

L ////

d t
I

T
I

D
/ /

\ /

CONSTANT AREA v SUPERSONIC THROAT

~ COMPRESSION sf+ocK

Figure 2.4. General Schematic of Colket Probe
Design (Internal Shock Probe).



—.

AEDC-TR-88-37

area throat. The shock in the Colket probe is located after

the sudden expansion found at the end of the constant area

section. The sudden expansion stabilizes the position of the

shock within the sample tube.

In the present work two Colket probes were studied:

Colket 1 and Colket 2. A detailed drawing of these probes

appears in Figs. 2.5 and 2.6. In comparing the two probes,

the internal structure of Colket 2 is the same as Colket 1

except that the supersonic constant area throat is removed.

In the Colket 2 probe the sudden expansion which triggers the

shock is positioned after the supersonic diffuser. By removing

the supersonic constant area throat, the large frictional

losses associated with supersonic flow may be eliminated. As

a result, better pressure recovery and ease of operation may

be achieved.

2.3 MCGREGOR PROBE DESIGN (external shock)

Considered the simplest of the particle probes

investigated here, the McGregor probe design is illustrated

in Fig. 2.7 and is taken from a design by McGregor [8].

Unlike the previous probe designs, the McGregor probe is

operated with a sufficiently high back pressure so that the

shock occurs outside the entrance of the probe. Consequently,

the probets basic function is similar to a subsonic diffuser

that reduces the velocity of the particle-laden stream.

As shown in Fig. 2.7, the probe area expands at a cone

angle from the probe entrance to probe exit. With the small

cone angle (<5°) and the absence of shocks, flow separation

which reduces the pressure recovery of the other probes should

be reduced. Also, particle deposition within the probe should

be less because the aerodynamically smooth streamlines within

the probe reduce separation. The main disadvantage to the

external shock probe is the potential for streamline curvature

behind the shock located at the probe entrance. As with

19



1~ ~v’m
A

a 0.210 DIA.
.620 .700.750

~T ~y

2.0° v
DIA. DIA. DIA.

OD;57
~&Ll

~A67f,.204_80+1.004_.+o.,oj

Figure 2.5. Detailed Drawing of Colket 1 Probe.
The Dimension Units are inches and
the Tolerances : Length = 0.01 in.,
Diameter = 0.005 in.



-L~ -77~~”m
0.210 DIA. 0.500 DIA.

.620.700.750

r. 1~2+’z?zf’zz.zz.’z.2zz2Y’x-
9,00 DIA. DIA. DIA.

oD~55

I u

~~65~o.801_2.20_~l.oo/’_2.50-+o.5j
k 7.00 4

Figure 2.6. Detailed Drawing of Colket 2 Probe.
The Dimension Units are inches and
the Tolerances : Length = 0.01 in.,
Diameter = 0.005 in.



SHARP LEADING
EDGE

/

Lld = 25

/ Dt FFUSER
8

c:G;E- /
CONSTANT AREA

Figure 2.7. General Schematic of McGregor Probe
Design (External Shock Probe).



AEOC-TR-88-37

the other probes, similar geometric ratios are used. The probe

entrance to sample line diameter ratio and the throat length

to entrance diameter are the same at 1/4 and 25, respectively.

In the present study, three McGregor probes were studied.

Detailed drawings of the three probes are shown in Figs. 2.8,

2.9, and 2.10. In the three probes different cone angles are

used to expand and slow the flow. The cone angles used in the

probes are 3.3° (McGregor 1), 2.0° (McGregor 2), and O.OO

(McGregor 3). By varying the cone angles, the effect of

boundary layer development on particle deposition may be

investigated.

23
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Figure 2.10. Detailed Drawing of McGregor 3 Probe.
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3.0 DIMENSIONAL ANALYSIS

To correctly simulate the factors that lead to the

internal wall losses of particles in the probes, the

experimental conditions are scaled to the conditions that

occur where the probes are used. Table 3.1 shows some of the

conditions that are present in the plumes of rocket and jet

engines where the sampling probes are used and the laboratory

conditions under which the probes are tested in the present

study .

The internal wall losses of the particles are a result

of the turbulent transport and deposition of particles within

the gas recirculating zones of the probes. Because of adverse

pressure gradients and thicker boundary layers that cause

significant wall separation and gas recirculation, most of the

particle wall losses occur near the shock and within the

subsonic regions of the probe as shown in Fig. 3.1. As a

consequence of the thin boundary layers in the supersonic

region, deposition losses are xninirnalin this section. With

these factors in mind, the particle loss E within the

probe is a function of the probe geometry, sample tube length,

gas Reynolds number, and particle Stokes number evaluated at

the conditions found after the shock. Therefore, E can be

represented by [9,10,11,12,13]:

E = E(+, Re, d/D, L/d, L#D) (3.1)

where # = particle Stokes number (St)

Re = gas Reynolds number

d = probe diameter
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TABLE 3.1

FLOW CONDITIONS IN ROCKET PLUME, JET EXHAUST, AND

LABORATORY FLOW FOUND AT THE ENTRANCE OF

Mach Number

Heat Capacity
Ratio

Speed of Sound
(m/s)

Gas Velocity
(m/s)

Stagnation
Temperature (K)

Stagnation
Pressure (psia)

Gas Density
(9/cc)

Pa*icle
Density (g/cc)

Particle
Diameter (pm)

THE SAMPLING ”PROBES

Rocket Plume Jet Exhaust

4.0 1.4

1.16 1.4

760 620

3050 862

3420 1310

590 60

2.1X10-4 4,8x10-b

4.0 1.0

0.2-1.0 0.5-1.0

Laboratory

2.5

1.4

228

569

293

14.7

1.5X10-4

1.0

1.0-2.5
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Figure 3.1. Schematic of Supersonic Particle Probe.
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D = sample line diameter

L = length of probe

b = length of probe including sample line

From the previous section on the probe design, the geometric

similarities are built into each of the probes to be tested.

Therefore, the remainder of this section focuses on simulating

the Reynolds and Stokes numbers that occur in the engine

environments. Also, the boundary layer thickness which is

related to the Reynolds number is calculated for the probes.

Thicker boundary layers in which the particles are able to

penetrate could possibly lead to more wall losses.

3.1 REYNOLDS AND STOKES NUMBERS

To experimentally simulate the conditions found in the

engine tests, the cold flow experiments are designed to

produce similar Stokes and Reynolds numbers [2,14]. The Stokes

number, which is the ratio of the particle stopping distance

to a probe diameter may be expressed [15]:

$ = h%db (3.2)

where Y* is the Stokes number based on Stokesian drag, @C is

the Cunningham slip correction factor, and @r is the non-

Stokesian correction factor. Because of the low gas densities

and the large particle Reynolds numbers, the correction

factors are needed to obtain the proper Stokes number.

In manipulating the Stokes number, the dimensionless

group can be expressed as a function of the particle diameter,

particle density, gas stagnation conditions before the shock,

and the Mach number of the system which are all known
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properties. The Stokes number for a particle traveling through

a shock assuming Stokesian drag takes the form:

P#@ldp2

#, =
9/.b2d

(3.3)

where PP = particle diameter (cm)

Ml = Mach number before shock

cl = speed of sound before shock (cm/s)

dP = particle diameter (cm)

P2 = gas viscosity after shock (g/cm s)

d = probe diameter (cm)

Using the following expressions for viscosity and velocity
[2,15]:

P2 = k (%/%1) ‘5 (3.4)

c1 = (YRTI).5 (3.5)

where pOl = gas viscosity at stagnation conditions

Tz = gas temperature after shock

TOI = stagnation gas temperature

VI = gas velocity before shock

7 = ratio of specific heats

R = gas constant

TI = gas temperature before shock

the parameter, +., takes the form [15]:

(3.6)

31



where Col = (YR T01)l’2is the speed of sound in the stagnation

reservoir.

In place of the temperature ratio in Eq. 3.6, the normal shock

relationship [16]:

T2 [1+:”’1[%”’-’1
—=
TI (~+1)=

M12
2(7-1)

(3.7)

may be used. By substituting Eq. 3.7 into Equation 3.6, t=

becomes a function of known properties (particle and

stagnation properties, and the Maoh number).

The Cunningham slip factor, @J=,is used to correct the #s

for any departures from continuum flow caused by the low gas

densities. The parameter @e takes the form [17]:

A = 1 + 2~02(1.257 + 0.4eXp(-0.55/~)) (3.8)

where ~ is the Knudsen number based on stagnation conditions

after the shock. The Knudsen number which is the ratio of the

mean free path of the gas to the diameter of the particle may

be expressed [2,15]:

Wiz = (r7/2)05(pOtiCOZ~POI)(POI/PA (3.9)

Because the stagnation temperature does not change across the

shock, pO1 and CO1 may be substituted for their after shock

values in Eq. 3.8. Also by substituting the normal shock

relation [16]:

: =[::::+27[;:-(7-1) r
(3.10)
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the parameter cpCmay be expressed as a function of known

properties.

The non-Stokesian correction factor, @r, is needed

because of the large particle velocities found in the system.

Consequently, the particle Reynolds numbers are above the

limit for which Stokes drag may be assumed. Therefore, the

parameter 4= is introduced to correct for the non-Stokesian

effects. The parameter takes the form [15,18]:

4, = 18/RepOz(Rep021’3-2.52tan-l(RepOzi’3/2.52)) (3.11)

where RepOz is the particle Reynolds number evaluated at the

stagnation conditions after the shock

( )“5(Po3/Po,)PoJ%col T#ToI
RepOz =

Pol

By substituting Eq. 3.10 and the

[2,15]:

(3.12)

following isentropic

expression for the temperature ratio [16]:

Tol 7-1

—=1+ M12 (3.13)

TI 7

into Eq. 3.11, the parameter Or may be expressed as a function

of the known factors. Therefore by substituting Eqs. 3.6, 3.8,

and 3.11 into Eq. 3.2, the corrected Stokes number # may be

calculated.

Similar to the Stokes number, the probe Reynolds number

(Re) may be calculated from stagnation gas and particle

properties. The Reynolds number

%%@(m/~oJ
Re =

Vol

where M2 = Mach number after

becomes [2,15]:

shock

(3.14)
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vo~ = kinematic viscosity at stagnation conditions

P2 = gas density after shock.

By substituting in the normal shock expression for the density

ratio [16]:

P2 (7+I)M12

—=

PO1 (7-l)M12+2 1
-1/(7-1)

7-1

l+— M12 (3.15)

2

the Reynolds number may be calculated from the known data.

Now with the expressions developed, a comparison between the

laboratory and actual engine conditions may be made.

A comparison of the important dimensionless groups for

the engine and laboratory tests are given in Table 3.2. As

shown the laboratory values of Re and St are the same order

of magnitude as the rocket and jet engine values. The

laboratory experiments using the larger diameter particles

should be applicable to the rocket plume case, while the

smaller particle experiments should be applicable to the jet

engine case.

The last row in Table 3.2 is a dimensionless group

developed by Willeke et. al. [19] that relates the particle

inertia (Stokes number) to the growth of the boundary layer

(1/Re”5).Willeke used this group to correlate the deposition

rates in the entrance section of ducts. Referring to Fig. 3.2,

the particle is assumed to deposit if it penetrates the

boundary layer. If the Reynolds number is low, the boundary

layer grows rapidly. Therefore, particles with large Stokes

numbers (high inertia) will penetrate the boundary layer and

deposit. If the Reynolds number is high, the boundary layer

stays thin and the particles will project past the boundary

layer staying in the core flow. As seen in Table 3.2, the

parameters St/Re”5 for the three cases are comparable.
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Ml

M2

Re%

Kn02

Re

st(l#)

St/ReO”5

“1’A15JAE 3. Z

Dimensionless Groups Important in Deposition

Rocket

0.1 * 1.0

2.54

4.0

0.35

0.76 w 7.6

6.3 w ().63

1.8x104

0.60 + 6.3

4.5 * 47X1O-3

Jet

001 * l.O

0.4

1.4

0.74

0.38 ++3.8

1.1 * O.11

3.6X104

0.023 - 0.43

0.12 + 2.3x10-3

—.
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Laboratory

1.o * 2.5

0.4

2.5

0.51

18.6 + 46.5

0.11 * 0.05

2.0X104

0.44 w 2.8

2.3 - 20X10-3
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3.2 BOUNDARY LAYER GROWTH

Since the growth of the boundary layer has a significant

effect on deposition [10,18,20,21] the boundary layer

thickness for the McGregor 1, 2, and 3 probes and the Colket

1 probe is estimated. The boundary layers in the Dehne probes

should be similar in the supersonic section to the Colket 1

probe while comparable to the McGregor 3 probe in the subsonic

section. To estimate the boundary layer thickness, the

developing boundary layer in the cylindrical probes is assumed

to be similar to that of a flat plate. This assumption is

valid as long as the thickness of the boundary layer is much

smaller than the radius of the probe [22]. Initially, a

laminar boundary layer exists that changes to a turbulent

boundary layer when the Reynolds number (Rex) based on duct

length reaches 5 x 105 [22]. For the laminar boundary layer,

the boundary layer thickness may be calculated [22]:

6/x = A/Rex”5 Rex < 5 x 105 (3.16)

where 6 = boundary layer thickness

x = distance from probe entrance

A = 5.0exp(0.1Ml”5)

Rex = Reynolds number based on duct length

M = Mach number in probe.

The coefficient A is used to account for compressibility

effects and was fitted from data taken by Crocco [23] reported

by Schlichting [22] assuming an adiabatic flat plate. As the

Mach number of the free stream increases, the relative

thickness of the boundary layer increases because of the

temperature rise in the boundary layer.
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In the transition to a turbulent boundary layer the

boundary layer increases in thickness. The eddy diffusion

between the layers of fluid in the turbulent boundary layer

is theorized to be a mechanism of particle deposition [10,17].

The thickness of the turbulent boundary layer maybe estimated

[22]:

6/X = 6.4C~ Rex > 5 x 105 (3.17)

where C~ is the local skin friction coefficient. The local

skin friction coefficient may be estimated [22]:

Cf = (210g(Rex) - .65)-2”3/2 (3.18)

The effect of high Mach numbers in the turbulent boundary

layer causes the skin friction to decrease. On the other hand

the temperature in the boundary layer increases, therefore the

two effects cancel each other over the range of Mach number

found in the present study.

Figures 3.3, 3.4, 3.5, and 3.6 show the calculated

boundary layers in the McGregor probes and the Colket 1 probe.

In Figs. 3.3 and 3.4, a laminar boundary layer exists up to

x/-O.O75 in McGregor 1 and up to x/P–0.125 in McGregor 2

[24,25]. At these points the boundary layer separates and

becomes turbulent as a result of the adverse pressure gradient

caused by the flow deceleration. Though the particles are not

deeply projected into the boundary layer, experiments

performed on subsonic diffusers show that areas of stall

(turbulent boundary layer separation and gas recirculation)

are present in McGregor 1 while not in McGregor 2 [24]. These

areas of stall could lead to increased deposition.

Interestingly, the 2° half angle used in the McGregor 2 probe

is approximately the angle needed to prevent particle

penetration into the boundary layer. By not allowing the
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particles to enter the

occur.

Figure 3.5 shows

McGregor 3 probe. In

probe wall coincide.

pressure gradient is

boundary layer, less deposition

the boundary layer development

should

in the

this case the particle trajectory and

Unlike McGregor 1 and 2, no adverse

present to cause separation. The

transition from a laminar to a turbulent boundary layer

occurs at x/L=O.55 and is caused by an instability indicated

by a high Rex (5 x 105). As shown in Fig. 3.5, the particles

that enter the probe are able to penetrate into the boundary

layer. Because the boundary layer is not pulled away from

the particle trajectories as in McGregor 1 and 2, increased

deposition should occur in McGregor 3.

Figure 3.6 shows the boundary layer development in the

Colket 1 probe. The transition from a laminar to a turbulent

boundary layer occurs at x/L=O.70 and is again caused by

instability indicated by a high Rex. For the majority of the

probe, the particle trajectories are outside of the boundary

layer. Separation of the boundary layer is a possibility

because of the adverse pressure gradient in the constant area

throat. Because of the supersonic speeds, the frictional

choking causes the velocity to decrease and the pressure to

rise as the flow passes through the throat. As mentioned

before, the separation of the boundary layer could lead to

increased deposition.

In Appendix B, an example of the computer program used

to calculate the boundary layers is given.
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4.0 EQUIPMENT AND PROCEDURE

The essential components of the experimental apparatus

were an aerosol generator to produce mono sized droplets, a

probe test section that accelerates the drop-laden gas to

supersonic speeds, and a monitoring system to determine probe

deposition rates, pressures, and flow rates. Below, a

description of each of these elements and the experimental

procedure is given.

4.1 AEROSOL GENERATOR

The test aerosol for the probe sampling experiments was

monosized dioctylphathalate (DOP) oil droplets. To prevent

any particle bounce from the internal probe surfaces, oil

droplets were used. The aerosols in 1.0, 1.5, 2.0, and 2.5

miqron sizes were generated with a Berglund-Liu vibrating

orifice aerosol generator (TSI Model 3450). The aerosol

generation system is pictured in Fig. 4.1 [26].

Referring to Fig. 4.1, a mixture of ethanol/DOP was

filtered and fed to the drop generation assembly by a syringe

pump . The pressure in the liquid feed line was monitored and

a bypass (drain valve) was provided in the event the orifice

of the generator became obstructed. Also two clean,

dehumidified air streams were fed to the drop generation

assembly. The dispersion air stream was used to prevent

droplet coagulation as the drops were formed by the vibrating

action of the orifice. With the other air stream (dilution

air), the droplets were entrained upward through a drying

column where the ethanol in the drops evaporated leaving the

DOP. One final input to the droplet generation assembly was

an electrical signal from a signal generator
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Figure 4.1. Aerosol Generation System.
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that caused the housing (piezoelectric ceramic) of the orifice

to vibrate. Therefore, by direct contact the orifice vibrated.

By manipulating the orifice vibration frequency, stable

monosized droplets were produced [26].

To produce the various droplet sizes, different dilution

factors of DOP to ethanol were fed through the orifice. Table

4.1 shows the important operating parameters for the drop

generator.

Table 4.1

Operating Parameters for Aerosol Generator

Drop Sizes (pm) 1.0 1.5 2.0 2.5

Dilution Factor 1:5000 1:2500 1:1000 1:500
(ml DOP:ml Ethanol)

(These parameters were same for all drop sizes)

Orifice Frequency (kHz) 155
Liquid Flow Rate (cc/rein) 0.080
Orifice Diameter (microns) 10
Dilution Air Flow Rate (l/rein) 50
Dispersion Air Flow Rate (l/rein) 1.5

During the time the droplets travel up the drying column,

the drops were exposedto a Kr-85 neutralizer (TSI Model 3054)

that removed any static charge from the particles [27].

Finally, after leaving the drying column, the drops were sent

to a holding chamber. From the holding chamber the drops were

sent to the probe test section where they were exposed to the

probe or they were sent to a bypass filter which removed the

droplets before discharging the air.

4.2 PROBE TEST SECTION

The probe test section consisted of an entrance chamber,

a supersonic converging-diverging nozzle, the particle probe,
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discharge ducting, and vacuum tank. Fig. 4.2 shows the probe

test section.

Referring to Fig. 4.2, the entrance chamber consisted of

a plexiglas box that funnels the drops from the holding

chamber to the mouth of the supersonic nozzle. The supersonic

nozzle was constructed of plexiglas and had a throat diameter

of 0.53 in. The nozzle had an exit plane to throat area ratio

of 4.25 allowing for theoretical flow rates up to Mach 3.0

[16]. Immediately downstream of the nozzle, the particle probe

was suspended in a piece of 3.0 in. plexiglas pipe by an

adjustable mounting screw (not shown) . By allowing the probe

to traverse horizontally the mouth of the probe was positioned

within the nozzle where the drop-laden stream was traveling

at Mach 2.5. Though the particle velocity lagged behind the

accelerating gas velocity, calculations performed in Appendix

B showed that the particle velocity was within 95% of the gas

velocity. Not shown in Fig. 4.2, pressure taps from the

sampling probe were run through the discharge ducting wall

using a combination of 1/16 in. diameter rigid and flexible

tubing. The taps were connected to mercury-filled U-tube

manometers so that pressures within the sampling probes were

monitored.

After the supersonic nozzle the gas not swallowed by the

probe was carried by 3.0 in. copper tubing to a vacuum tank.

The 3.0 in. gate valve shown in Fig. 4.2 was used to start

and stop the flow to the vacuum tank. The vacuum tank had a

volume of 1650 ft3 and could be evacuated to a pressure of

28in. of Hg vacuum. The gas sample swallowed by the probe

passed through a 30 in. long piece of 3/4 in. tubing before

entering the filter shown in Fig. 4.3.
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4.3 MONITORING SYSTEM

Most of the flow rate and particle measurements were done

on the gas stream coming from the probe. Figure 4.3 shows the

orientation of the equipment used to make the necessary

measurements.

The gas and particles that were swallowed by the probe

traveled through a 3/4 in. diameter sample line to a filter.

The filter consisted of a 4.0 in. disc of glass fiber filter

paper wedged between two 6.0 in. long pieces of 3.5 in.

diameter plexiglas pipe. The paper (Model FP4.OM) was

manufactured by Miami Air Sampler Company and was noted for

its high collection efficiency (98%+) and low pressure drop

characteristics.

After the filter, the gas stream was passed through a 1/2

in. gate valve that was used to control the flow rate

swallowed by the probe. Then after the valve, the stream went

through a Hastings flowmeter (Model AFSC-50K) to obtain the

mass flow rate of gas passed through the probe. This

flowmeter used the heat transfer rate from a heating element

to measure the mass flow rate of the stream. Since the heat

transfer rate was proportional to the mass flow rate, no

temperature or pressure compensation was required.

From the flowmeter the stream then went through a 3/4 in.

ball valve that was used as an on/off valve to isolate the

system from the vacuum tank. After the ball valve, the stream

was piped to the vacuum tank.
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4.4 EXPERIMENTAL PROCEDURE

To begin the deposition measurements, the aerosol

generator was operated for several minutes to reach

equilibrium output of approximately 105particles/see. Special

care was taken to ensure that these particles were of a fixed,

rnonosizeddiameter. To verify the particle diameter, a sample

was impacted onto a glass microscope slide. Using a microscope

to measure the particles and knowing the spreading factor for

DOP [28], the actual particle diameter could be confirmed. As

the aerosol generator was warming up, the bypass line from the

droplet holding chamber was open so that no DOP droplets were

released in the laboratory environment.

While the aerosol generator was warming up, the mouth of

the sampling probe to be tested was positioned in the

supersonic nozzle at the point where Mach 2.5 occurred. To do

this, the flow through the nozzle was started and the probe

was moved horizontally within the nozzle like a pitot tube.

From the stagnation pressure readings within the probe, sample

1ine, and filter the Mach number at the probe mouth was

verified [16]. Also any deviation in the stagnation pressure

recorded at the different pressure taps was used to detect any

leaks in the ducting downstream of the probe.

After the probe was positioned, flow was started in the

probe. In the McGregor probes, the 1/2 in. gate valve was

opened fully. After the mass flow rate was recorded at the

choked condition, the gate valve was closed reducing the mass

flow rate to 95% of its choked value. By reducing the flow

rate, the normal shock caused by the presence of the probe was

positioned just outside the mouth of the probe [6].

In the Dehne probes, the same procedure was used as in

the McGregor probes except that the flow rate was not reduced

for its choked value. Instead the pressure readings within

the probe were monitored and the 1/2 in. gate valve was used
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to manipulate the back pressure so that the shock train was

positioned in the constant area throat of the probe.

In the Colket probes, the experimental setup was slightly

modified. To run the tests on the Colket probes, the mass

flowmeter and the 1/2 in. gate valve were replaced by a 25 in.

long piece of 3/4 in. diameter tubing. By removing these

items, the low back pressure needed to position the shock at

the end of the constant area throat was achieved. The flow in

the Colket probes was started by opening the 3/4 in. ball

valve. The pressure taps in the probe were monitored to ensure

that the shock was located at the correct position. In

Appendix B, the pressure data from the probes was compared to

the results obtained from a one-dimensional gas dynamic

equation which also helped verify the type of flow in each

probe.

After flow in the probes was established, the aerosol

from the generator was introduced into the entrance chamber

located before the supersonic nozzle. The probe was exposed

to the drop-laden stream for five minutes before the flows in

the probe and in the nozzle were stopped.

After the probe and the nozzle flows were stopped, the

internal surfaces of the probe and the filter paper were

washed with measured amounts of ethanol. Because a small

amount of a fluorescent tracer (uranine) was added to the DOP

solution used in the generation of the drops, the amounts of

the uranine found on the internal surface and on the filter

paper suspended behind the probe were used to measure the

deposited and undeposited drops, respectively. From

experimental observation, the deposition in the sample line

between the probe and filter was found to be less than 1% and

therefore ignored. Appendix D has the fluorescence, pressure,

and mass flow rate data gathered on all the probes.
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5.0 RESULTS AND DISCUSSION

Measurement of the deposition in each probe was made at

four particle diameters: 1.0, 1.5, 2.0, and2.5 pm. From these

measurements, the amount of deposition always increased with

diameter. Because the larger particles (larger Stokes numbers)

were better able to penetrate the boundary layer (see Fig.

3.2), more deposition occurred when larger particles were

used. Therefore, the size distribution of particles was

biased toward the smaller particles due to the internal wall

losses in the probes. The following sections compare and

contrast the probe operating characteristics: wall losses,

pressure recovery, and ease of operation.

5.1 WALL LOSSES

Deposition measurements were performed on all probes and

these results are shown in Figs. 5.1, 5.2, and 5.3. Figure 5.1

shows the wall losses found in the Dehne probes pictured in

Figs. 2.2 and 2.3. From the results, Dehne 1 appeared to have

lese deposition at each drop diameter (1, 1.5, 2.0, 2.5 #m)

tested. On average Dehne 1 had 20% less deposition than Dehne

2. The increased deposition seen in Dehne 2 was attributed to

the different transitions between the constant area throat and

the sample line used in the two probes. The 30” subsonic

diffuser used in Dehne 1 reduced the gas recirculation and

stagnation zones found in the transition [24,25]. On the other

hand, the sudden expansion used in Dehne 2 caused more fluid

turbulence and provided more motionless pockets which

intensified the deposition.
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Figure 5.2 shows the results of the deposition

measurements performed on the Colket 1 and 2 probes pictured

in Figs. 2.5 and 2.6. These results showed that Colket 1 had

less internal wall losses at each of the test particle

diameters. On average Colket 1 had 28% less deposition than

Colket 2. As previously stated, the only difference between

the two designs was Colket 2 did not have a supersonic

constant area throat. Because of the thin boundary layer in

the constant area throat of Colket 1 as shown in Fig. 3.6,

less deposition occurred. The subsonic throat of Colket 2

produced larger boundary layers and therefore more internal

wall losses.

Another possibility that may have led to the difference

was the dissimilar conditions at the sudden expansion of both

probes. The shock in Colket 1 happened at the end of the

supersonic throat that choked the flow and reduced the Mach

number (velocity). In Colket 2, the shock occurred at the end

of the supersonic expansion where the maximum Mach number in

the probe occurred. Therefore, more recirculation and stagnant

areas were present in the Colket 2 probe that produced more

deposition.

Figure 5.3 shows the results of the deposition

measurements performed on the McGregor probes pictured in

Figs. 2.8, 2.9, and 2.10. The deposition results showed that

McGregor 3 had twice as much deposition as either McGregor 1

or McGregor 2. Also McGregor 2 was found to have on average

25% less deposition than McGregor 1.

The major difference between the three McGregor probes

was the diverging angle of the subsonic diffuser section. In

McGregor 3, a O“ diffuser angle (constant area duct) was used.

Because the ingested flow was parallel to the probe walls, the

particles were projected into the developing boundary layer

as pictured in Fig. 3.5. In McGregor 1 and 2, the probe walls

diverged carrying the boundary layer away from the particles
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as shown in Figs. 3.3 and 3.4. At the probe entrance, the

particles were not allowed to flow outwardly to the boundary

layer because of their inertia. By using a divergent angle of

2.0”, the McGregor 2 probe employed the optimal angle that

prevented particle-boundary layer interaction while also

preventing separation of the boundary layer caused by the

adverse pressure gradient in the diffuser [24,25]. The 3.3°

divergent angle used in the McGregor 3 probe also prevented

particle-boundary layer interaction but the adverse pressure

gradient was too large resulting in areas of stall that

enhanced deposition.

Comparing the particle deposition found in the McGregor

probes and the Colket probes, the Dehne probes usually had

more wall losses. In the comparison of the best probes from

each class shown in Fig. 5.4, the deposition in the Dehne 1

probe averaged 60% greater than the best McGregor probe. The

increased deposition in the Dehne probes was blamed on the

shock-boundary layer interaction that occurred in the constant

area throat of the Dehne probes. Referring to Fig. 5.5, the

shock train in the throat of the Dehne probes caused areas of

low and high pressure. Because the momentum of the boundary

layer was not great enough to overcome the adverse

pressuregradients, the boundary layer separated [16,29]. The

separation significantly increased the size of the boundary

layer and exposed more of the particles to possible

deposition. Also with the gas recirculation, the particles

were pushed toward the probe wall.

Comparing the particle deposition found in the McGregor

probes and the Dehne probes, the Colket 1 probe was one of the

best designs to minimize deposition. Only the McGregor 2 probe

had less internal deposition as shown in Fig. 5.4. The major

reasons for the minimal deposition were the smaller supersonic

boundary layer and the decreased Mach number at the shock-

inducing expansion of the probe. Furthermore, the decreased
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Mach number could reduce stress on the particles preventing

particle breakup.

From Fig. 5.4, the McGregor 2 probe had the least

deposition of any probe tested. The McGregor 2 probe averaged

25% less deposition than the Colket 1 probe and 60% less

deposition than the Dehne 1 probe. Because the McGregor 2probe

had no sudden expansions or shock-boundary layer interactions,

less internal deposition occurred. Figure 5.6 shows the

deposition in the best three probes regardless of design

class. The McGregor 1 and 2 probes along with the Colket 1

probe were the best three probe designs based on deposition.

Figure 5.7 shows the losses in each McGregor probe

plotted versus Willekels deposition parameter, fl (St/Re-5).

[19] Because Willekels parameter is applicable to subsonic

boundary layers, the parameter was used to correlate the

deposition data for the McGregor probes which contained only

subsonic boundary layers. In Fig. 5.7 the data for each of

McGregor probe was fitted to linear least squares line. The

results of the curve fit appear below:

Correlation
Coefficient

McGregor 1: E = 1183 rl+ 19.7 .96

McGregor 2: E = 1011 17+ 1.55 .97

McGregor 3: E = 1273 n + 3.33 .99

Shown in Fig. 5.8 are the ranges of fZthat occur under the

conditions of the rocket and jet engine tests. The

experimental data seemed to fall in the middle of the rocket

range and slightly above the jet range. From Fig. 5.8, the

correlations would always predict less deposition in the jet

engine case as compared to the rocket case if the same probe

was used. By calculating fl for a particular situation and

using the correlations given above, the magnitude of the
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internal wall losses, E, can be estimated when a McGregor

probe is used.

5.2 PRESSURE RECOVERY

Another characteristic of the probes was the stagnation

pressure loss across the probe. If large pressure losses are

a characteristic of the probe, more attention would be needed

in designing filters, valves, and pumps downstream of the

probe in actual test conditions. Table 5.1 shows the

stagnation pressure ratios across each of the probes. The

results showed that the Dehne probes had a 60% greater

pressure loss than the McGregor 1 or 2 probes. These pressure

losses were attributed to the large frictional losses caused

by the supersonic flow inside the probe [16]. Also the abrupt

internal changes (30° diffuser and sudden expansion) between

the probe and the sample line caused part of the pressure

losses in the Dehne probes.

A characteristic of the Colket probes was their large

stagnation pressure losses. From Table 5.1, Colket 1 had the

largest pressure losses of any probe tested. The pressure

losses were caused by the supersonic flow in the throat

section of the probe. To position the shock at the sudden

expansion, the large frictional losses in the throat were

overcome by reducing the back pressure [16]. Though

controlling the Colket 1 probe was straightforward, the need

to maintain a low back pressure reduced the amount of

instrumentation that was used on the stream ingested by the

probe. In the present study, both the flowmeter and 1/2 in.

gate valve of the monitoring section (Fig. 4.3) were removed

to achieve the necessary back pressure. In actual test

conditions, close attention would be needed in designing the

equipment used to analyze the effluent stream from the probe.

,
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TABLE 5.1

Losses in Stagnation Pressure for Each Probe Design

Dehne 1

Dehne 2

Colket 1

Colket 2

McGregor 1

McGregor 2

McGregor 3

pOz/1’ol

0.20

0.19

0.07

0.18

0.48

0.48

0.19
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From Table 5.1, the McGregor 1 and 2 probes were the best

probes based on pressure loss. Because of the smooth internal

lines and small frictional losses due to subsonic flow, the

probels only significant source of stagnation pressure loss

was the bow shock positioned at the mouth of the probe

[6,16].The McGregor3 probe had larger pressure losses because

of the sudden expansion located between the constant area duct

and the sample line. Also some losses were attributed to the

near sonic flow caused by the frictional

in the constant area duct of the probe.

choking that occurred

5.3 EASE OF OPERATION AND CONSTRUCTION

An advantage of both the Colket and Dehne probes was

their ease of operation. Because the oblique shock at the end

of the supersonic expansion section tripped the boundary

layer, the control of the back pressure was not critical in

the Dehne probes. The oblique shock started and stabilized the

shock train in the constant area section of the probe.

Similarly, the sudden expansion in the Colket probes

stabilized the shock train in the sample line. If the back

pressure was low enough, close control was not necessary.

A disadvantage of the McGregor probes was the need to

closely control the back pressure. The control of the pressure

was needed so that the bow shock created by the probe could

be positioned. During the operation of the McGregor probes the

shock was positioned close enough to the probe entrance so

that few particles spilled around the edges of the probe, but

far enough away to prevent any

interaction within the probe. Though

several minutes were used in adjusting

time necessary to adjust the back

available in actual test conditions.

shock-boundary layer

in the present study

the back pressure, the

pressure may not be
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A disadvantage of the Colket 1 probe was the need for

aerodynamic smooth internal surfaces. Any sudden bend or

surface imperfection tripped the boundary layer and caused the

shock train to occur in the throat section similar to Dehne

1 and 2. Though operating the Colket 1 probe was not difficult

in the present study, preserving the smooth internal surface

could be a problem in actual test conditions.

All the probes were easily constructed requiring only one

man-day to complete a probe. In the process, a piece of drill

rod was machined to match the internal geometry of the

proposed probe. After the drill rod was hardened, the rod was

used to bore a hole in a metal dowel. Then the external

surface of the metal dowel was machined to the proper

dimensions yielding the finished probe. Several of the probes

were constructed in two pieces with joint made at the sudden

expansion where any imperfections could be disregarded.

5.4 PARTICLB BRBAKUP

In all the probes studied, the swallowed particles were

subjected to large shear forces caused by the velocity

gradients across shocks. The magnitude of these shear forces

was quantified by using the dimensionless group called the

Weber number [30]:

/dw-W2dp
We = (5.1)

a

From previous studies [30,31,32] Weber numbers in the range

of 10 to 20 and higher have indicated that particle breakup

was likely.

From experimental evidence gathered, particle breakup did

not occur in any of the test probes when 1.0, 1.5, 2.0, 2.5

pm diameter particles were used. By visually inspecting
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ingested particles under a microscope, very few particle

fragments were found in the samples. Particle breakup did

occur when larger particles were used. When 5 pm particles

were utilized, a few particle fragments were found in the

sample along with a majority of whole particles. When 10 #m

particles were tested, only particle fragments were seen in

the sample. Calculating the Weber number for the case of a

particle passing through a Mach 2.5 normal shock gave the

results shown in Table 5.2.

TABLE 5.2

Weber Numbers for Various Particle Diameters
at Laboratory Conditions

$ (w) We

1 3

5 15

10 30

As shown above, the laboratory results correlate well with

other studies that indicated critical Weber numbers between

10 and 20. For the rocket conditions (see Table 3.1), the

particles greater than 10 Am in diameter would exceed the

upper limit of the critical Weber number range and probably

breakup.
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6.0 CONCLUSIONS

The following conclusions have been made from the

investigation of the seven probes tested in the present study.

1. In all the probes tested, the internal wall deposition

caused the collected sample to be biased toward the smaller

particles. In the present study, a 2.5 pm particle was twice

as likely to deposit on the probe wall as was a 1.0 Am

particle.

2. On the basis of minimizing deposition, the best three

probes were as follows:

E (averaue)

McGregor 2 14.o%

Colket 1 18.O%

McGregor 1 18.5%

3. The reasons for less deposition in the McGregor 1 and 2

probes were the absences of shock-boundary layer interactions,

boundary layer-particle interactions, and sudden expansions.

4. The reason for less deposition in the Colket 1 probe was

the thin supersonic boundary found in the supersonic constant

area throat.

5. The deposition in the Dehne 1 and 2 probes was 60%

greater than the deposition in the McGregor 2 probe. The

increased deposition in Dehne 1 and 2 resulted from all three

enhancement factors being present: shock-boundary layer
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interaction, particle-boundary layer interaction, and sudden

expansions.

6. The deposition at a sudden expansion was decreased if

the sudden expansion was replaced with a large angle diffuser.

The deposition in Dehne 1 was 20% less than Dehne 2. The only

difference between the two probes was the 30” diffuser that

was used in Dehne 1 instead of the sudden expansion used in

Dehne 2.

7. By using Willekels deposition parameter, 0, the following

correlations were found relating the internal wall deposition,

E, to flfor the McGregor probes.

McGregor 1: E = 1183 S2+ 19.7

McGregor 2: E = 1o11 n + 1.55

McGregor 3: E = 1273 fl+ 3.33

8. The recovery of stagnation pressure was worst in the

Colket 1 probe and best in the McGregor 1 and 2 probes. Only

7.0% of the original stagnation pressure was recovered in the

Colket 1 probe while 48% was recovered in the McGregor 1 and

2 probes. When using the Colket probe, equipment used to

analyze the probe stream would need to be carefully designed

to minimize pressure losses. Some equipment with inherently

high pressure losses may have to be eliminated.

9. The most difficult probes to control while they operated

were the McGregor probes. The back pressure must be

manipulated to within a few percent of a set value to locate

the shock at the entrance but not inside the probe mouth.

71



AEDC-TR-88-37

10. From visual inspection of collected particle samples,

particle breakup due to particle-shock interaction was not

apparent unless particles with diameters greater than 5 Um

were used. Consequently, the critical Weber number that

indicated particle breakup was between 15 and 30 for the

present study.

11. The Colket 1 probe was the most difficult to construct

because of the need to smooth all corners. Any sharp corners

or surface imperfections in the internal walls of the Colket

1 probe would cause oblique shocks within the probe. These

shocks with their adverse pressure gradients would lead to

boundary layer separation and increased deposition.
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7.0 RECOMMENDATIONS

During the progression of the present investigation

several areas of interest have been uncovered that require

further work. In regards to wall losses within the particle

probes, the individual effects of wall discontinuities, shock-

boundary layer interactions, and particle-boundary layer

interactions need to be investigated. If these individual

effects can be isolated and more closely quantified, better

probe designs may result.

Another area for future work is the development of

monitoring equipment and operating procedures to use during

actual tests conditions. For example, several minutes are

needed to position the McGregor probes at a point of known

Mach number in the current experiment. Then more time is

needed to adjust the back pressure so that the shock is

positioned slightly outside the probe mouth. With probe

~ exposure times in actual engine tests being on the order of

seconds instead of minutes, proper operation of the probe

cannot be attained using the current equipment and procedures.

Control loops that are able to monitor and adjust the back

pressure much more quickly are needed before the McGregor

probes can be used in actual engine tests.

Lastly, the phenomenon of particle breakup needs to be

studied. Though particle breakup in the current experiment was

not apparent, larger particle stresses may occur in actual

test conditions (especially rocket tests) . If particle breakup

does occur, the probe design may be modified to help minimize

or eliminate the breakup problem.

:
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APPENDIX A. NOMENCLATURE

= probe cross sectional area (m2)

= compressibility correction factor

= speed of sound (m/s)

= drag coefficient for a sphere

= skin friction coefficient

= probe entrance diameter (m)

= sample line diameter (m)

= diffusion coefficient

= particle diameter (m)

= particle deposition losses in probe (%)

= fanning friction factor

= Knudsen number

= length of probe (m)

= length of sample line (m)

= length of probe including sample line (m)

= Mach number

= pressure (kg/m S2)

= gas constant (m2/s2K)

= probe Reynolds number

= particle Reynolds number

= Reynolds number based on duct length

= particle Stokes number

= temperature (K)

= time (s)
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= velocity (m/s)

= average velocity (m/s)

= deposition velocity (m/s)

= relative velocity (m/s)

= Weber number

= distance from probe entrance (m)

= boundary layer thickness (m)

= diffusional boundary layer thickness (m)

= ratio of specific heats

= gas viscosity (kg/m s)

= kinematic gas viscosity (m2/s)

= gas density (kg/m3)

= particle density (kg/m3)

= surface tension of particle (kg/s2)

= Cunningham slip factor

= non-Stokesian correction factor

= Stokes number based on Stokesian drag

= corrected Stokes number (St)

= St/Re.5

Subscripts

1 = static conditions before shock

2 = static conditions after shock

01 = stagnation conditions before shock

02 = stagnation conditions after shock

P = particle property

9 = gas property

78



AEDC-TR-88-37

APPENDIX B. CORRELATION OF PRESSURE DATA

To verify the internal flow fields in the probes, the

pressure data of four probes was fitted to a one-dimensional,

gas-dynamic model. Because of the

temperature gradients and reacting flows,

model took the form [16]: (fanno flow)

absence of large

the one-dimensional

+1-M2) = -2 [ 1++M2 1~+YM2
[

1+X+M2 14f ~ (B.1)
M

where the first term on the right hand side was the effect of

flow area variation and the second term was the effect of skin

friction on the flow. By solving Eq. B.1 the Mach numbers at

various locations were calculated and then from continuity,

the pressures in the probe were calculated. The friction

factor, f, in Eq. B.1 was used to fit the equation to the

pressure data of the present study.

Figure B.1 shows the pressure data collected from the

Dehne 1 probe and the result of Eq. B.1. Recalling the

internal structure of Dehne 1 (Fig. 2.2), the flow travels

through a supersonic diffuser in the initial 0.8 in. of the

probe. As the area of the probe expands, the Mach number

increases while the static pressure decreases. At the

transition between the diffuser and the constant area throat,

the sharp corner causes an oblique shock that produces a

pressure rise. This pressure rise trips the boundary layer and

causes a shock train in the constant area throat of the probe.

Instead of having the shock train extend over a length of 8

to 10 pipe diameters, the model compresses the shock train

into one normal shock that occurs at approximately 1.5 in.

79



AEDC-TR-88-37

DEHNE 1

0.0 Lo - 2.0 3.0 4.0

x (in.)

Figure B.1. Pressure Correlation in the Dehne 1 Probe.

80



AEDC-TR-88-37

After the shock, the frictional choking in the constant area

throat causes the subsonic flow to increase in velocity and

decrease in pressure until the end of the throat.

The friction factors, f, used in the model were 0.0088

in the initial supersonic section and 0.037 in the subsonic

section of the probe. The value for the supersonic section is

within 10% of the measured friction factor for flow in a

smooth pipe with a Re=20,000 [33]. The value in the subsonic

section is twice the value reported [29]. The reason for the

difference may be the incorrect location of the shock train

within the constant area throat.

Figure B.2 shows the pressure data collected on the

Colket 1 probe and the fit of equation B.1 to that data.

Recalling the internal structure of Colket 1 (Fig. 2.5), the

flow travels through a supersonic diffuser in the initial 1.2

in. of the probe. Unlike Dehne 1, the transition between the

expansion and the constant area throat is aerodynamically

smooth so that no oblique shock occurs. In the supersonic

constant area throat, the frictional choking causes a

reduction in Mach number and an increase in static pressure.

The friction factor used in the model was 0.0032 that is

within 20% of the reported friction factors for supersonic

flow in a smooth pipe [16,33].

Figure B.3 and B.4 show the pressure data collected from

the McGregor 1 and 3 probes and the fit of Eq. B.1 to the

data. In McGregor 1, a 3.5” subsonic diffuser extends the

entire 4 in. length of the probe. The area expansion causes

the velocity to drop and the pressure to rise. In the

McGregor 3 probe, the constant area throat extends the entire

4.0 in. of the probe. The frictional choking causes an

acceleration of the subsonic flow and a decrease in the static

pressure. At the end of the throat, the choking causes near

sonic flow indicated in Fig. B.4 by the leveling off of the

static pressure. The friction factors were 0.059 for McGregor
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COLKET1

n

•1

/

0.0 1.0 2.0 3.0 4.0

x (in.)

Figure B.2 Pressure Correlation in the Colket 1 Probe.
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McGREGOR1

0.0 1.0 3.0 4.0

x ;:.)

Figure B.3. Pressure Correlation in the McGregor 1 Probe.
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1 and 0.013 for McGregor 3. These factors are within 10% of

the reported values under similar conditions [29,34].

The computer program PRESSURE on the following page was

used to solve Eq. B.1 to calculate the pressure profile in the

Colket 1 probe. An IMSL (International Mathematics and

Statistical Library) routine using Gear~s method was used to

integrate. The other computer program BLAYER is a combination

of the PRESSURE program and the boundary layer thickness

correlations given in Chapter III. In this program the

thickness of the boundary layer in the McGregor 3 probe is

calculated.
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PROGRAMPRESSURE

c
c
c

&

c
c
c
c

&

c

DefineVariables

REAL Y(1), WK(18) ,X,TOL,XEND,H,RHOI,TO,AF,AI,MI,TI,R,C,
F,M(1OO),T(1OO),P(1OO),A(1OO),PO(1OO),RHO(1OO),L

INTEGERN,K,METH,MITER,INDEX,IWK(l),IER
COMMON/BLl/F,C,DS,DI,DF,L
EXTERNALFCN,FCNJ

InitializeVariables

MI-2.5
POI-14.34
PI-POI*(1.+0.2*MI**2)**-3.5
TO-537.
PIE-3.1416
AF-.O276
AI-.O192
TI-To/(1.+.2*MI**2)
R-639.4
RHOI-PI/(R*TI)
PRINT*,’INPUT F’
READ*,F
L-O.5
c-L*AI/(AF-AI)
DI=5./32.
DF-6./32.
DS-(DF-DI)/L
N-1
x-o.0
XD-1.o
PD-.42
Y(1)=MI**2
TOIP.00001
H-.00001
METH-1
MITER-1
INDEX-1
PRIW,’I#,L,’ F-’,F
PRINW
PRIW,’ X STATIC P

MACH #’
PRINW,X,PI,POI,MI

STAGN P
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c
c
c
c
c
c

c
c
c

c
c
c
c
c
c

c
c
c

c
c
c

c
c
c

c
c
c

10
c

&

&

&

Do

CalculateMach#, Temperature,Density,
and Pressurein Probe

10 K-1,40

Counter used to Step off Length of Probe

XEND-O.l*FIJIAT(K)

CALL

Call IMSL Routine: DGEAR
to integrateEquation identified
in subroutineFCN.

DGEAR(N,FCN,FCNJ,X,H,Y,XEND,TOL,METH,
MITER,INDEX,IWK,WK,IER)

IF (IER .GT. 128j GOTO-lOO”

Calculationof Mach # and Temperature

M(K)-Y(l)**.5
T(K)-To/(1+.2*M(K)**2)

Calculation of Area Variation in Probe

IF (XEND .LE. L) THEN
A(K)-(AF-AI)*XEND/L+AI

ELSE IF (XEND .LE. 1.2) THEN
A(K)-PIE*((60.27+2.4*XEND-XEND**2)**.5-

7.6368)**2./4
ELSE

A(K)-PIE*((60.27+2.4*1.2-1.2**2)**.5-
7.6368)**2./4

ENDIF

Calculationof Density and Pressure

RHO(K)-RHOI*AI*MI*(TI/T(K))**.5/(A(K)*M(K))
P(K)-RHO(K)*R*T(K)
PO(K)-P(K)*(l+.2*M(K)**2)**3.5

Print Out of Results

PRINW,XEND,P(K),PO(K),M(K),xd,pd
CONTINUE
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c
c
c
c
c
c
c

&
25
100

c
c
c
c

c
c
c
c
c

&

&

Check PredictedPressureAgainst
Measured Pressureand Calculate
Error. Guess New FrictionFactor
Until Error is Minimized.

ERROR-(P(lO)-.42)**2+(P(25)-.42)**2+(P(33)-.47)**2+
(P(39)-.614)**2

PRINT*,’ERROR- ‘,ERROR
STOP
END

SubroutineDefines Equation for DGEAR to
Integrate

SUBROUTINEFCN(N,X,Y,YPRIME)
REAL Y(N),YPRIME(N),X,F,C,DS,DI,DF,L
INTEGERN
COMMON/BLl/F,C,DS,DI,DF,L

DerivativeDefinitionsfor Mach #
At the Various Diametersin the Probe

IF (X .LE. L) THEN
YPRIME(l)-Y(l)*(l.+.2*Y(1))/(1.-Y(l))*(-2/(x+c)+

5.6*y(l)*F/(Ds*x+DI))
ELSE IF (X .LE. 1.2) THEN

D1=(60.27+2.4*X-X**2)**.5-7.6368
DD-.5*(60.27+2.4*X-X**2)**(-.5)*(2.4-2*X)
YPRIME(l)-Y(l)*(l.+.2*Y(1))/(1.-Y(l))*(-4*DD/Dl+

5.6*y(l)*F/Dl)
ELSE

D1-(60.27+2.4*1.2-1.2**2)**.5-7.6368
YPRIME(l)=Y(l)*(l.+.2*Y(l))/(1.-Y(l))*5.6*Y(l)*F/Dl

ENDIF
RETURN
END

Dumby Subroutine

SUBROUTINEFCNJ(N,X,Y,PD)
INTEGERN
REAL Y(N),PD(N,N),X
RETuRN
END
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PROGRAM BIAYER

c
c
c

Program Description:This program calculates the
boundary layer thickness in the McGregor 3 probe.
First, a differentialequation is solved to calculate
the Mach number along the length of the probe taking
into account both area variations and friction. Then
by using this Mach number, the boundary layer thickness
is calculated.

Define Variables and Arrays

REAL Y(l),WK(ll),X,TOL,XEND,H,RHOI,TO,AF,AI,MI,TI,R,C,
& KVISO,KVIS,F,M(1OO),T(1OO),P(1OO),A(1OO),PO(1OO),
& RHO(1OO),L

INTEGERN,K,METH,MITER,INDEX,IWK(l),IER
COMMON/BLl/F,C,DS,DI,DF,L
EXTERNAL FCN,FCNJ

InitializeVariables

PIE-3.1416
KVIS@2.3E-4
MI-.487
POI-6.8
PI-PoI*(l.+o.2*MI~2)**-3,5
TO-537.
TI-To/(1.+.2*MI**2)
R-639.4
RHOI-PI/(R*TI)
PRINT*,’INPUTF’
READ*,F
DI=5./32.
N-1
x-o.001
Y(l)-MI
TOL-.01
H-.0000O1
METH-2
MITER-O
INDEX-1

CalculateMach #, Temperature,Density, Pressure
and Boundary Layer Thickness

DO 10 K-1,40
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c
c
c

c
c
c
c
c

c
c
c
c

c
c
c
c

c
c
c
c

&

Counter used to Step off Length of Probe

XEND-O.l*FLOAT(K)

Call IMSL Routine: DGEAR
to Integrate equation identified
in subroutineFCN.

CALL DGEAR(N,FCN,FCNJ,X,H,Y,XEND,TOL,METH,MITER,INDEX,
IWK,WK,IER)

IF (IER .GT.128)GOTO100

Calculationof Mach #, Pressure,Temperature
DensIty

M(K)-Y(l)
T(K)-To/(1+.2*M(K)**2)

RHO(K)-RHOI*MI*(TI/T(K))**.S/(lX(K))
P(K)-RHO(K)*R*T(K)
PO(K)-P(K)*(l+.2*M(K)**2)**3.5

Calculationof Viscosity,Velocity, Reynolds
Number, and BoundaryLayer Thickness

KVIS-KVISO*(PO(K)/P(K))*(T(K)/TO)**l.75
VEL-M(K)*49.l*T(K)**.5
REb(xEND/12)*vEL/KvIs
DLL4.8*EXP(.236*M(K))/REL**.s

IF (M(K) .GT. 1.2) THEN
CFCI--.156*M(K)+1.087

ELSE
CFCI--.0833*M(K)+1

ENDIF
CFI=O.0576/REL**.2
DLT24.lE-6/((CFI*CFCI)**4*REL)
DLT-.37/REL**.2
DL-XEND*DLL
DT-XEND*DLT
DT2-XEND*DLT2
IF (REL .LT. 5.E5) THEN

BL-DL
ELSE
BL-DT2

ENDIF

Rescale Boundary Layer Thickness to

Probe Dimensions

WALL1-.0775
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WALL2--WALL1
PROJ1-.O775
PROJ2--.0775
DLG1-WALL1-BL
Dl&2=wALL2+BL
DTG1-WALL1-DT2
DTG2=WALL2+DT2
PRINT*,XEND,WALL1,WALL2,PROJ1,PROJ2,DU1,DLG2

10 CONTINUE
100 STOP

c
c
c
c
c

c
c
c

END

Subroutineused to Define Equation that
Relates Mach number to Area Variation
and FrictionLosses

SUBROUTINEFCN(N,X,Y,YPRIME)
REAL Y(N),YPRIME(N),X,F,C,DS,DI,DF,L
INTEGERN
COMMON/BLl/F,C,DS,DI,DF,L

fl-f/(1.3e5ti)**.5
YPRIME(l)-2.8*F1*Y(1)**3*(1.+.2*Y(l)*2)/

& (DI*(l.-Y(1)**2))
RETURN
END

Dumby Subroutine

SUBROUTINEFCNJ(N,X,Y,PD)
INTEGERN
REAL Y(N),PD(N,N),X
RETURN
END
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APPENDIX C. PARTICLE LAG

In the experiment, the drops were accelerated from rest

to a velocity of Mach 2.5 within a fraction of a second.

Because of inertial effects, the drops would tend to lag

behind the rapidly accelerating gas stream. If lagging

occurred the drops may not be traveling at the desired

velocity of Mach 2.5 at the entrance of the probe. In fact,

the particles may be traveling at speeds significantly less

than Mach 2.5.

To determine if the particle lag causes the above

mentioned problem, a calculation was performed. From the force

balance, the following expression was obtained for the

relative particle acceleration [35]:

d(v.) 0.75 c pg V=2
= (Cl)

dt Pp $

where c = drag coefficient

Pg = gas density (g/cm)

v= = relative particle velocity (v&-vP) (cm/s)

= particle density (g/cm)

: = particle diameter (cm)

t = time (s)

In the motion equation of the drop, the drag coefficient

developed by Crowe [36] was used because his coefficient was

applicable to compressible, high velocity flows. CroweIs drag

coefficient takes the form [36]:

c = (C,mC-2)exp(-3.07~”s(M/Re)g) + (~) exp (~) + 2
y- M

(C.2)

where cinc = incompressible drag coefficient for sphere
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log~~(g) = 1.25(l+tanh(0.7710g10Re-l.92))

h = (2.3+1.7(T#T~)“5)-2.3tanh(l.1710gl#4))

TP = particle temperature (K)

T& = gas temperature (K)

Vg = gas velocity (cm/s)

VP = particle velocity (cm/s).

With the motion equation and Crowels drag coefficient,

the percent of particle lag [lOO(vg-vp)/vg]has been calculated

as a function of distance the particle travels horizontally

through the nozzle. Basing the calculation on a Vp = O at the

throat of the supersonic converging-diverging nozzle and a gas

velocity of M = 1 at the same point, the percent lag of the

drop has been graphed in Fig. Cl. From Fig. C.1 the particle

lag is seen to decrease below 5% for all particles when the

particles travel 1.0 in. past the throat of the nozzle. Since

the mouth of the probe is positioned approximately 5.o in.

from the throat of the nozzle, the particles should not be

lagging the gas velocity by more than 5%. Therefore, particle

lag should not affect the experimental measurements.
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APPENDIX D. EXPERIMENTAL DATA

Tables D.1 through D.8 contain the experimental data

collected on each probe. Tables D.1 through D.7 contain the

fluorescence data obtained from the alcohol washes of the

internal probe surfaces and the filter paper. From preliminary

studies of the sample line between the probe and the filter,

particle losses of 2% or less were found. Therefore, the

sample line washes were discontinued. In Tables D.1 through

D.7 the following information is listed:

1st column: run identification number

2nd column: diameter of particles exposed to probe (pm)

3rd column: alcohol fluorescence reading from filter wash

4th column: alcohol fluorescence reading from probe wash

5th column: sum of columns 3 and 4

6th column: percent of total fluorescence in probe wash.

Because the fluorescence reading is directly proportional to

the concentration of tracer (uranine), the amount of

deposition within the probe is given in column six.

Table D.8 shows the pressures and mass flow rate measured

while each of the probes was operating. The pressures in the

Dehne probes and the Colket 1 probe were closely monitored to

insure the shock was positioned correctly. In the Dehne

probes, the pressure at PI rapidly decreased as the shock passed

the tap. The pressure in Pa also increased but at a slower

rate. As the vacuum tank pressure increased, P~ would slowly

increase signifying subsonic flow at P~ while PI remained

unchanged during the test. In the Colket 1 probe, the

pressures at Pl, Pz, and P~ would increase rapidly and remain
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unchanged throughout the experiment.

The mass flow rates shown in Table D.8 were the choked

flow rates in the case of Dehne 1,2 and Colket 1,2 probes.

The flow rates in the McGregor probes were adjusted to 95% of

the choked flow rate to maintain the shock outside the

probe. The mass flow rate was not measured for the Colket 1

probe because the mass flow meter had too great a pressure

drop to allow the shock to travel to the sudden expansion of

the probe. Therefore, the flow meter was removed from the

system and replaced with a piece of 3/4 in. tubing.
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TABLE D.1

DEHNE 1 PROBE

PERCENT
RUN # DIAM. FILTER PROBE TOTAL Loss

5.00
8.00
9.00
18.00
19.00
22.00
26.00
39.00
41.00
42.00
43.00
68.00
69.00
70.00

127.00

RUN #

2.00
2000
2.00
2.00
2.00
1.00
1.00
2.50
2.50
2.50
2.50
1.50
1.50
1.50
1.00

DIAM.

23.50 6.90
21.50 7.20
72.30 19.20
31.75 7.45
16.75 7.35
15.70 2.70
7.90 4.00
22.50 9.50
18.70 6*68
17.20 6.90
15.45 6.25
63.30 4.10
9.00 2.44
7.70 2.49
6.70 1.32

TABLE D.2

DEHNE 2 PROBE

FILTER PROBE

30.40 22.70%
28.70 25.09%
91.50 20.98%
39.20 19.01%
24.10 30.50%
18.40 14.67%
11.90 33.61%
32.00 29.69%
25.38 26.32%
24.10 28.63%
21.70 28.80%
67.40 6.08%
11.44 21.33%
10.19 24.44%
8.02 16.46%

PERCENT
TOTAL Loss

======= ============================================= ==

1
3

14
15
16
17
64
65
66
67
71
72
77
136
143
146
147

2.00 29.50 9.80 39.30
2.00 19.00 10.00 29.00
2.00 17.50 7.20 24.70
2.00 15.30 5.60 20.90
2.00 12.70 4.30 17.00
2.00 20.80 6.50 27.30
2.50 27.00 14.60 41.60
2.50 20.60 10.30 30.90
1.00 9.70 3.32 13.02
1.00 9.70 3.28 12.98
1.50 9.40 3.30 12.70
1.50 6.40 3.30 9.70
1.50 14.80 4.00 18.80
1.50 4.80 1.32 6.12
2.00 7.70 3.20 10.90
1.00 9.72 3.09 12.81
1.00 10.73 3.17 13.90

24.9%
34.5%
29.1%
26.8%
25.3%
23.8%
35.1%
33.3%
25.5%
25.3%
26.0%
34.0%
21.3%
21.6%
29.4%
24.1%
22.8%
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TABLE D.3

COLKET 1 PROBE

PERCENT
RUN # DIAM. FILTER PROBE TOTAL Loss

90.00
91.00
92.00
93.00
94.00
95.00
96.00
97.00
98.00

1.50
1.50
1.00
1.00
2.00
2.00
2.50
2.50
2.50

15.60
13.40
14.30
11.90
36.40
32.40
16.50
18.10
21.10

3.23
2.75
1.67
1.83
7.50
9.30
3.40
6.00
5.80

18.83
16.15
15.97
13.73
43.90
41.70
19.90
24.10
26.90

17.15%
17.03%
10.46%
13.33%
17.08%
22.30%
17.09%
24.90%
21.56%

TABLE D.4

COLKET 2 PROBE

PERCENT
RUN # DIAM. FILTER PROBE TOTAL Loss

124.00 1.00 6.29 0.96 7.25 13.24%
126.00 1.00 5.34 1.01 6.35 15.91%
131.00 1.50 4.68 1.44 6.12 23.53%
132.00 1.50 3.88 1.46 5.34 27.34%
139.00 2.00 13.44 4.50 17.94 25.08%
140.00 2.00 12.72 6.09 18.81 32.38%
148.00 2.50 14.70 7.34 22.04 33.30%
149.00 2.50 16.50 7.00 23.50 29.80%
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TABLE D.5

MCGREGOR 1 PROBE

PERCENT
RUN # DIMS. FILTER PROBE TOTAL Loss

======== =======S===s=================== ===============
4.00
10.00
11.00
12.00
13.00
23.00
24.00
25.00
27.00

37.00
38.00
48.00
49.00
50.00
57.00
58.00
59.00
60.00
83.00
84.00

2.00 18.10
2.00 61.90
2.00 44.90
2.00 40.00
2.00 35.00
1.00 11.20
1.00 10.30
1.00 12.40
1.00 11.45

95% Choked

2.50 23.55
2.50 30.17
2.50 35.20
2.50 25.90
2.50 21.90
1.00 27.50
1.00 24.10
2.00 35.00
2.00 51.40
1.50 12.20
1.50 13.90

5.70 23.80
14.83 76.73
7.44 52.34
6.75 46.75
6.00 41.00
2.60 13.80
1.55 11.85
2.14 14 ● 54
4.30 15.75

Flow Rate

9.18 32.73
13.98 44.15
10.00 45.20
12.90 38.80
10.00 31.90
2.32 29.82
2.97 27.07

11.10 46.10
11040 62.80
1.94 14.14
2.48 16.38

23.95%
19.33%
14.21%
14.44%
14.63%
18.84%
13.08%
14.72%
27.30%

28.05%
31.66%
22.12%
33.25%
31.35%
7.78%
10.97%
24.08%
18.15%
13.72%
15.14%
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TABLE D.6

MCGREGOR 2 PROBE

PERCENT
RUN # DIAM . FILTER PROBE TOTAL Loss

114.00
115.00
116.00
117.00
118.00
119.00
120.00
121.00
122.00
129.00

1.00 17.06
1.00 16.72
1.00 20.73
1.50 10.23
1.50 5.93
2.00 31.40 “
2.00 33.20
2.50 32.10
2.50 28.40
1.00 12.90

2.96 20.02
2.22 18.94
1.86 22.59
1.04 11.27
0.45 6.38
5.53 36.93
6.89 40.09
9.37 41.47
7.93 36.33
1.03 13.93

14.79%
11.72%
8.23%
9.23%
7.05%
14.97%
17.19%
22.59%
21.83%
73.90%
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TABLE D.7

MCGREGOR 3 PROBE

PERCENT
RUN # DIAM. FILTER PROBE TOTAL Loss

---------- ========================_a=============-----
28.00
29.00
30.00
31.00
32.00
33.00
34.00
35.00
36.00

44.00
45.00
46.00
47.00
53.00
54.00
55.00
56.00
61.00
62.00
85.00
86.00

2.00
2.00
2.00
2.00
1.00
1.00
1.00
1.00
1.00

2.50
2.50
2.00
2.00
2.50
2.50
1.00
1000
2.00
2.00
1*5O
1.50

8.60 20.10
9.00 14.20
10.70 13.00
10.20 13.50
5.35 1.97
5.25 . 3.75
7.10 5.93
3.73 1.85
5.27 3.55

95% Choked Flow

10.85
13.05
12.60
9.85

23.30
31.10
14.10
13.20
33.30
29.80
6.00
7.70

8.78
8.68
7.50
7.02
15.90
22.90
3.93
4.76
21.10
19.80
2.84
2.96

28.70
23.20
23.70
23.70
7.32
9.00
13.03
5.58
8.82

19.63
21.73
20.10
16.87
39.20
54 ● 00
18.03
17.96
54.40
49.60
8.84
10.66

70.03%
61.21%
54.85%
56.96%
26.91%
41.67%
45.51%
33.15%
40.25%

44.73%
39.94%
37.31%
41.61%
40.56%
42.41%
21.80%
26.50%
38.79%
39.92%
32.13%
27.77%
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AEDC-TR-88-37

TABLE D.8

PRESSURE AND MASS FLOW RATE DATA FOR PROBES

I In
11’51

1:5
‘4

F!,~k rl

H

I
P = atmosphericpressllre01

Dehne 1 0.035

Dehne 2 0.035

Colket 1 0.037

Colket 2 --

McGreg 1 0.45

McGreg 2 --

McGreg 3 --

--

--

0.037”

--

--

--

--

0.17

0.16

0.042

--

--

--

--

P,

—

0.20

0.19

0.07

0.18

0.48

0.48

0.19

Flow rate

(9/s)

1.15

1.04

----

1.12

1.06

1.13

1.08
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